While DNA characters are increasingly used for phylogenetic inference, taxa delimitation and identification, their use for formal description of taxa (i.e. providing either a formal description or a diagnosis) remains scarce and inconsistent. The impediments are neither nomenclatural, nor conceptual, but rather methodological issues: lack of agreement of what DNA character should be provided, and lack of a suitable operational algorithm to identify such characters. Furthermore, the reluctance of using DNA data in taxonomy may also be due to the concerns of insufficient reliability of DNA characters as robustness of the DNA based diagnoses has never been thoroughly assessed. Removing these impediments will enhance integrity of systematics, and will enable efficient treatment of traditionally problematic cases, such as for example, cryptic species. We have developed a novel versatile and scalable algorithm MolD to recover diagnostic combinations of nucleotides (DNCs) for pre-defined groups of DNA sequences, corresponding to taxa. We applied MolD to four published monolocus datasets to examine 1) which type of DNA characters compilation allows for more robust diagnosis, and 2) how the robustness of DNA based diagnosis changes depending on the sampled fraction of taxons diversity. We demonstrate that the redundant DNCs, termed herein sDNCs, allow for higher robustness. Furthermore, we show that a reliable DNA-based diagnosis may be obtained when a rather small fraction of the entire data set is available. Based on our results we propose improvements to the existing practices of handling DNA data in taxonomic descriptions, and discuss a workflow of contemporary systematic study, where the integrative taxonomy part precedes the proposition of a DNA based diagnosis and the diagnosis itself can be efficiently used as a DNA barcode. Our analysis fills existing methodological gaps, thus setting stage for a wider use of the DNA data in taxa description.
INTRODUCTION
positions in the DNA alignment, each being shared by all members of a diagnosed taxon, and by none of the other taxa in the data set. This approach allows for concise and robust diagnoses, but can only be applied to data sets of few species. In the data sets comprising hundreds of species recovery of even one such position for each species is unlikely. So, either, more taxonomically restricted data sets should be considered, or one should opt for use of composite characters (i.e. set of several specific nucleotides that together comprise a diagnostic character -see Material and Methods). The latter approach would be preferable in the highly diversified, poorly studied or taxonomically problematic groups -i.e. in the cases where defining a restricted scope of analysis can be difficult. Currently only one computational tool, CAOS ) is capable of recovering composite DNA characters, but implemented through a tree based algorithm, it has some inherent limitations (see below), and is difficult to run. We developed a versatile and efficient algorithm MolD (for MOLecular Diagnosis) to identify diagnostic nucleotide characters for predefined groups of DNA sequences in large monolocus data sets. Predefined group of sequences in this context represents a species or a higher rank taxon, which we seek to diagnose. MolD is a tree independent algorithm (unlike CAOS), and therefore it i) allows to diagnose taxa that are not recovered as monophyletic in monolocus dataset (see below), and ii) does not require manual adjustments to run. In turn, crucial advantage of MolD over nucDiag in the SPIDER package for R (Brown et al. 2012 ) is that MolD identifies composite diagnostic characters (DNCs), which is crucial for larger data sets where no pure characters can be identified (see Discussion).
We applied MolD to several published DNA data sets aiming to assess usefulness of the routinely sequenced barcode DNA markers to supply diagnostic DNA characters for taxa of different ranks and to evaluate two possible types of DNA based diagnoses in terms of operationability for taxonomic purposes and robustness.
A diagnosis retrieved after the analysis of a finite data set is only assumed to be valid descriptors of the respective taxa in general. The validity of this extrapolation depends on how accurately the initial data set conveys diversity of the studied group. So, the third questions that we address is how the sampling coverage affects robustness of DNA-based diagnoses, and whether universal minimal requirements for the taxonomic sampling can be formulated to ensure sufficiently reliable diagnoses.
MATERIAL AND METHODS

Term definition
The taxon being diagnosed from here onwards is termed focus taxon, and is opposed to all other taxa in the dataset that are referred to as non-focus taxa. Single nucleotide characters can be classified into pure diagnostic sites , i.e. positions in the nucleotide alignment in which all members of a focus taxon share a given nucleotide, and all members of non-focus taxa have different nucleotide(s). On the figure 1 position 256 is a pure diagnostic site for the focus taxon Conasprella. Unlike pure diagnostic sites, the private characters ) are the nucleotide positions at which some (but not all) members of the focus taxon, but none of the non-focus taxa members, share a given nucleotide (Fig 1, positions marked by asterisks). In addition, we introduce a new category of characters that we term nested characters, i.e. sites at which focus taxon members and some (but not all) non-focus taxa members, share a given nucleotide (positions in Fig. 1 marked with Conasprella. Invariable nucleotide positions marked with black squares, nested and purewith grey arrows, private -with asterisks. Nucleotide combinations 1, 2, 3, 4 (pDNCs) highlighted with colour; sDNC -with grey.
(combination 1 on the fig 1) corresponds to a pure diagnostic site. A pDNC can be viewed as a minimal sufficient condition to assign a DNA sequence to a focus taxon. As each of such characters is sufficient to differentiate a query taxon in the context of the analysed data set, each is equivalent of a complete diagnosis. Two pDNCs may overlap by one or several nucleotide positions (e.g., pDNCs 2 and 3 on the figure 1), or share no positions (e.g. pDNCs 2 and 4); in the latter case the two pDNCs are termed independent pDNCs. In the case that all identified pDNCs share one or more nucleotide positions (i.e. no independent combinations are identified), such position(s) present in all pDNCs are termed key positions. Key position(s) appear(s) crucial for diagnosing a taxon, because a substitution at this position even in one sequence attributed to a focus-taxon immediately makes the focus-taxon impossible-to-diagnose with the selected genetic marker. On the contrary, when n independent pDNCs are recovered, no less than n substitutions would be needed to make a focus taxon undiagnosable; the likelihood of the latter scenario is obviously much lower. It is reasonable to expect, therefore, that the robustness of molecular diagnosis is higher when several independent pDNCs are recovered and the number of independent pDNCs can be viewed as a proxy for the level of confidence of an inferred pDNC-based diagnosis.
A diagnostic nucleotide combination, which combines several pDNCs (or characters from several pDNCs) aiming for an increased robustness of a diagnosis, is here termed secondary DNC (sDNC). A sDNC compiled from the shown pDNCs is highlighted in the fig 1 in grey. As a whole, it fulfills the two main criteria of a DNC, 1) it is shared by all members of a focus taxon, and 2) it appears in none of the non-focus taxa members. However, unlike pDNCs, a sDNC is redundant and so the status of each nucleotide position in sDNC is not defined. The term diagnosis is used from here onwards to refer to either the multitude of the pDNCs, or to a single sDNC -a subset of informative nucleotide positions selected to convey the molecular identity of a taxon.
Most published studies (Jörger & Schrödl 2013; Churchill et al. 2014 and Zielske & Haase 2015) , report a set of pure single nucleotide characters (i.e. a pDNC-based diagnosis, where each pDNC comprises one position only). We are not aware of any study providing composite DNA characters, either pDNCs comprising two or more nucleotide positions, or sDNCs. Furthermore, Jörger & Schrödl (2013) recommend abstaining from use of the composite characters, as the nucleotides that constitute them may represent contrasting substitution patterns. In the present study we examine in detail pros and cons of using pDNCs and sDNCs as DNA based diagnoses, and came to the conclusion that the sDNCs allow for more robustness, and therefore would be a preferable type of a DNA based diagnosis.
Design of data analysis
The program MolD (Molecular Diagnoses) written in Python 2.7 is designed to retrieve pDNCs and sDNCs for the pre-defined assemblages of DNA sequences that correspond to taxa (which may range from species, subspecies, or even populations to any higher level). It constitutes the functional core and the main tool used in all analyses in the present study, combined with varying options of input and output.
Complete published DNA sequence data sets, partial data sets derived from the complete ones after random resampling of DNA sequences, or data sets of modified DNA sequences from original data were used as inputs. The sets of independent pDNCs, and 25 shortest pDNCs recovered for taxa of different rank (i.e. pDNC-based diagnoses), or redundant sets of DNA characters (sDNC-based diagnoses) were the two main types of output. Depending on what each particular analysis was aimed at, we also recorded proportion of variable sites in the DNA alignment for the focus taxa, validity of a diagnosis recovered for a partial data set against the respective complete data set. All analyses were implemented in Python 2.7 scripts, and run in Spider environment for Python. All scripts used for the present study are available in the supplementary data. The command line based version of MolD can be used as is, and it is currently being developed into graphical interface enhanced software.
Data sets
Both the protein-coding and non-coding genes can potentially be used to retrieve DNA-based diagnoses (Jörger & Schödl 2013) . Nevertheless, aligning sequences of non-protein coding genes unambiguously is labor-intensive (see Jörger & Schödl 2013) and not always robust, especially if data sets comprise highly divergent lineages. As the subjective component, which is unavoidable when aligning non-protein coding sequences, may notably affect the output diagnostic nucleotide characters, we avoid using them, and only consider relatively quickly evolving protein-coding genes -i.e. those typically used as DNA-barcodes in animals. These markers are commonly sequenced for large assemblages of specimens, and therefore, vast data sets can be accessed in publicly available data repositories.
We analysed three published data sets (main data sets) from highly divergent taxa: the dragonflies and damselflies (Odonata) (Bergmann et al. 2013) , the bird family Furnariidae (Derryberry et al. 2011) , and the cone-snails (Mollusca: Gastropoda: Conidae) (Puillandre et al. (Table 1) . Odonata exemplifies an ancient and highly diversified insect taxon, which has become a well-established model group for DNA barcoding studies (Rach et al. 2008; Bergmann et al. 2013 , Rach et al. 2017 Koroiva et al. 2017) . The family Furnariidae represents one of the best molecularly sampled bird radiations and thus constitutes a good model for assessing robustness of DNA-based diagnoses derived from partial taxonomic coverage. The family Conidae includes the relatively young genus Conus, which encompasses over 750 extant species and exemplifies a hyperdiverse taxon of marine invertebrates Uribe et al. 2017) . The three main data sets differ drastically in the taxonomic coverage, from less than one percent of over 8,000 known dragonfly and damselfly species, to ~97% of the 293 accepted Furnariidae species, with cone snails data set being intermediate (Table 1 ). Although three protein coding genes: COI, ND2, and ND3 were available for Furnariidae (Derryberry et al. 2011) , and all three were tested, all presented analyses were performed on the ND2 data set, which contained longest sequences (1041 bp) and was the most informative. Both the ND1 and CO1 were analysed for Odonata (Bergmann et al. 2013) , and only CO1 sequences were available for Conidae. As all DNA sequence data sets used here represent protein coding genes, the alignment (performed by Clustal ω at https://www.ebi.ac.uk/Tools/msa/clustalo/) was straightforward, and could not potentially become a source of incorrect homology hypotheses. Subsequently, a RaxML tree with 1,000 bootstrap iterations (Stamatakis 2006; Miller et al. 2010 ) was constructed for each data set and used to check that the sequence attributions to taxa are consistent across the data set. As was said above, a focus taxon might appear paraphyletic, which would not make it a priori undiagnosable, but attribution of identical sequences to two or more different taxa, resulting, for example, from misidentification, will make these taxa undiagnosable. All outgroup sequences were removed before the application of MolD.
2014)
On the first stage we applied MolD to the three main data sets to characterize the output pDNC-based diagnoses for taxa of the different rank: a) All species of Odonata in both the COI and 
The effect of taxonomic sampling on the reliability of the DNA based diagnosis: expectations
We used random taxon resampling on published DNA datasets to assess the robustness of DNAbased diagnoses associated to different sampling fractions. Our rationale was that if we access a sufficiently large DNA sequence data set of some taxon, this data set may be used to model finite genetic diversity of this taxon. Then, we can select few focus taxa, representing both stem and crown group lineages of this taxon, and recover their DNA-based diagnoses from the entire data set. These diagnoses, although only partly capture identity of the respective focus taxa, in the framework of the model can be viewed as finite diagnoses. Then, by providing diagnoses to subsamples of this large data set, and comparing each of them against the finite diagnosis, the robustness of a diagnosis associated with each sub-sample can be estimated. Using this approach we were sampling increasing fractions of four published data sets, each -for several focus taxa.
The sub-samples of the entire dataset from here onwards are referred to as partial datasets. The robustness of the diagnosis compiled from a partial dataset is measured by the proportion of the entire-data-set-valid pDNCs, EDV-pDNCs, in this diagnosis -i.e. those pDNCs that although retrieved from a partial data set, remain valid pDNCs in the context of the entire data set. We expect that this proportion will be very low when few sequences or taxa are sampled, but as more sequences are added to the data set, the proportion of the EDV-pDNCs will increase until finally reaches 100% when all the diversity is sampled. The curve describing the proportion of the EDV-pDNCs as a function of the sampling fraction may reach a plateau earlier: in this case the sampling fraction at which the plateau is reached would mark the minimum taxonomic sampling sufficient to provide a robust DNA diagnosis. We expected thus that the resampling graphs will be similar to typical accumulation curves -the sampled genetic diversity of a focus taxon will grow quickly in the beginning and subsequently slower.
The taxon resampling was performed separately for the species level and supra-specific focus taxa (see two following sections). In the case of species we reformulated the question to 'how many haplotypes need to be included to propose a credible diagnosis of the species'? If leaving population structure aside, for the supra-specific taxa, the sampling should ideally be representative of the diversity at two hierarchical levels, intraspecific and interspecific, and would translate into number of species included, and number of haplotypes in each species included. The data sets with multiple sequences (and thus with multiple haplotypes) per species will show higher level of the genetic diversity of both focus taxon and non-focus taxa, and so, would better approximate real genetic diversity of an analysed lineage. This would expectedly lead to the higher proportion of the EDV-pDNC at each sampling fraction, and so if the robustness threshold is to be reached, we expected it to be reached earlier in the case, when multiple sequences per species are included.
pDNC-based diagnosis for species: haplotype resampling
We carried out iterated resampling for the unique COI haplotypes of the C. chaldaeus, C. ebraeus, C. miliaris and C. sanguinolentus in the Conidae_COI4spp data set. At each iteration, n unique COI haplotypes were picked up randomly for a focus species, and thus created partial data set was completed by all records of Conidae_COI4spp for non-focus taxa. Thus obtained data set was passed to MolD to retrieve a set of pDNCs. The number of sampled unique haplotypes n was increasing from 2 and up to the total number of unique haplotypes available for each species, and was incremented by one until n equals 20, and by five subsequently. Ten iterations have been made for each tested number of unique haplotypes. The output parameters recorded after each iteration were 1) number of the COI sequences of the focus species sampled, 2) the proportion of variable sites among the sampled sequences of the focus taxon (hereafter PVS), as a measure of the molecular diversity of the sampled species, 3) the number of independent diagnostic nucleotide combinations sampled (NInd), and 4) the total number of pDNCs retrieved. Each of the pDNCs retrieved for the partial data set, was checked against the full data set to identify whether it is an EDV-pDNC. This test allowed estimation of how the reliability of the pDNC-based diagnoses compiled for the subset of sequences changes when an increasing proportion of the genetic diversity of species is sampled. However, the results of this analysis are only valid under the assumption that the final data set available encloses the entire genetic diversity of the group (for discussion see Wiens & Servedio 2000 and Rach et al. 2008 ).
pDNC-based diagnosis for supraspecific taxa: species resampling
We performed iterated taxonomic resampling for the subfamily Sclerurinae and the genus Synallaxis (Furnariidae) and for the genera Conus and Conasprella (Conidae). The expanded data set Furnariidae_788_ND2 was used for Sclerurinae and Synallaxis to enable inclusion of multiple sequences per species, and the main Conidae data set was used for Conasprella and Conus. An increasing number of species of the diagnosed taxon has been picked up randomly, starting from 2 and up to the total number of species in the data set, and a partial data set was thus built from the sequences of the picked species. Similar to the haplotype resampling, for each tested number of species, 10 iterations have been performed, and the increment was set to 1 for the Sclerurinae, Synallaxis and Conasprella (2, 3, 4 species resampled, and so on), or to 5 for Conus (2, 7, 12…). The resampling was conducted under two different regimes in respect to the focus taxon -either all sequences of a picked species were added to the partial data set, or each picked species was represented by single sequence. By comparing the outputs of the resampling under these two regimes we were able to estimate how the number of sequences per species in the input data affects reliability of the resulting diagnosis. The number of species sampled from each of the nonfocus taxa was increasing with different increment, so that the proportion of species sampled from each taxon remained equal. In each iteration, a MolD run was performed on the sampled partial data set to retrieve a set of pDNCs for the focus taxon. The output parameters recorded for each iteration were 1) number of species of the focus taxon sampled, 2) total number of species sampled, 3) PVS in the focus taxon sequences, 4) total number of the pDNCs sampled, 5) Nind, 6)
Proportion of the EDV-pDNCs.
Assessment of robustness of sDNC-based diagnoses
Since taxonomic sampling has a profound effect on the reliability of the DNA based diagnosis, another crucial question is how a growing genetic diversity associated with increasing taxonomic sampling can be simulated without increasing the actual number of sequences in the data set.
Such algorithm would allow to test and refine the DNA-based diagnoses having only a limited number of specimens actually sequenced. We utilized the approach described by Bergmann and co-workers (2013) and generated artificial DNA sequence data sets to test the robustness of recovered DNA based diagnoses. We were introducing a pre-defined number of random nucleotide substitutions at random sites of a nucleotide sequence, without phylogenetic pattern, and not at the sites recognized as key positions. By doing so, we generated artificial data sets that are partly or entirely composed of the modified sequences of our main data sets (for parameters used for species-level and supraspecific taxa, see below). By generating 100 random artificial data sets and checking whether a DNC retrieved for a focus taxon from the actual sequence data stands in the context of each artificial data set, we were able to evaluate the robustness of the DNC. Here we allowed 1 mismatch in the positions involved in the sDNC in a focus taxon sequences: in this case the sDNC was still considered valid, if remaining positions constituted a valid DNC. Each sDNC was thus scored by assigning a number from 0 (when a DNC failed in all 100 artificial data sets) to 100 (when it worked for all 100).
The explained algorithm to score robustness of DNCs was used to transform a set of pDNCs into single sDNC. Unlike pDNCs, sDNCs are redundant (see terms), and therefore are expected to constitute more robust diagnoses. To transform a pDNC-based diagnosis into an sDNC, the remaining informative nucleotide positions in the alignment were ranged by how frequently they occur in the DNCs. Then, either a list of single-position pDNCs (if exist), or the shortest retrieved pDNC was taken, and expanded step-wise by appending most frequently recovered nucleotide positions. Each time a new position was added, the resulting sDNC was scored using 100 artificial data sets, and either send to output (if the sDNC meets pre-defined robustness criteria detailed below) or another position is appended to it, and so on until the robustness criteria are met. When all informative nucleotide positions are appended to the sDNC, or the length of sDNC exceeds the arbitrarily set limit of 25 positions, and the required confidence threshold has not been reached, the sDNC is output with a warning.
sDNCs in diagnoses of species level taxa
The use of artificially generated DNA data sets allowed us to model underrepresented genetic diversity in both the focus-and non-focus taxa. When addressing this issue at the species level, each sequence in the main data set was modified, and the number of substitutions was such that the derived artificial sequence would be 1% different from the original one. One percent difference is well within the typical K2P genetic distance for within species comparisons of the analysed taxa (Bergmann et al. 2013) , and therefore, each artificial sequence would be confidently attributed to the same species. However, as the modifications of each sequence are random, this effect reproduced in 100 artificial data sets creates a more complex genetic diversity landscape to test robustness of the sDNCs. A sDNC was output when it has scored 99 or 100 in three consecutive tests, which may be a very strict setting, but worked efficiently in the analysed data sets. Then, to evaluate robustness of an output sDNCs (retrieved from the main data sets), it was validated against respective expanded data set in the same manner, as the validity of the pDNCs was tested (see above). This analysis was performed for 15 species of Odonata, which were represented in the main Odonata COI data set by six or more sequences, and for four species of Conus, genetic diversity of which was notably better represented in the Conidae_COI4spp data set.
Thus, we estimated whether the entire approach (data sets of artificially generated sequences), and the particular parameters that we employed to rate the sDNC-based diagnoses, can efficiently model the missing genetic diversity in the data set. The output that meets the criteria of robustness would suggest that the effect of the partial taxonomic sampling is leveraged, and the resulting DNA-based diagnosis can be considered as robust.
sDNCs in diagnoses of supraspecific taxa
For supraspecific taxa the number of random substitutions was set to make each of the modified sequences 3% different from the original one. Such level of the divergence applied to each sequence in the original data set has led to overlaps in molecular identities of closely related taxa, and no sDNC could pass any reasonably high threshold. Therefore, only 10 percent of the sequences in each main data set, and in no more than 20 species per taxon (numbers selected arbitrarily) were modified. A sDNC was output when it had scored more than 85 in three consecutive tests.
Finally, we coupled the described algorithm of stepwise evaluation of the sDNC robustness with taxonomic resampling algorithm explained above to estimate how the credibility of the sDNCbased diagnoses changes with increasing taxonomic sampling. This analysis also enabled direct comparison with the resampling results obtained for the pDNCs. The same regime with all sequences of a picked species added to the partial data set has been used. The increment was set to 1 for Sclerurinae (1,2,3… until all the 17 species are sampled) and Profundiconus (Conidae), to 2 in Conasprella and Synallaxis (2,4,6…), and to 2 (in the range of 20) and subsequently changing to 5 in Conus (2,4,6,8,10,12,14,16,18,20,25,30, ...185) . Taxonomic resampling for cone snail taxa was performed on the main data set, and for Sclerurinae and Synallaxis -on the extended data set Furnariidae_788_ND2, to take into account multiple sequences per species. Ten iterations have been made for each sampled number of species. Validity of each of the 10 retrieved sDNC was checked against a complete data set, and it was assigned a value of 1 if it was an EDV-sDNC, or 0, if it was not. A mean value for 10 iterations was plotted as a function of the number of species sampled. Finlly the differences among the randomly generated artificial datasets that are used to rate sDNCs, will expectedly lead to certain degree of inter-run variation. Thus to enable the interrun comparison, output of each of the ten iterations was also recorded.
RESULTS
pDNC based diagnoses for taxa of different rank
Odonata. The analysis of ND1 data set has led to identification of 349 to 1454 (mean 666) unique pDNCs comprising no more than 7 positions for all but two Odonata species (Fig. 2, Supplementary   table 1) . The exceptions are the species in the poorly genetically differentiated pair Pseudagrion niloticum -Pseudagrion acaciae: no pDNC were identified for either of the two species. The number of independent pDNC recovered for each Odonata species ranges from 4 to 25 (mean 16).
The shortest pDNC comprising 1 position (i.e. a pure diagnostic site) was detected in 29 species;
the mode of pDNC length distribution (analysed for all species with 10 or more sequences in a data set) was 3 nucleotides (Supplementary table 1) . Very similar results were obtained with the CO1 data set -mean number of the pDNC of 779, with the number of independent pDNC ranging from 2 to 33 (mean 20), and shortest pDNC in most species comprising one nucleotide position only ( Fig. 3, Supplementary table 2) . The species pair Pseudagrion niloticum -Pseudagrion acaciae could not be differentiated based on the COI data set as well, but when all sequences of these two species were attributed to a single taxon, it could be easily diagnosed in both the ND1 and the CO1 data sets. The families Aeshnidae (11 and 10 species in the ND1 and COI main data sets respectively) and Libellulidae (16 and 19 species in the ND1 and COI main data sets respectively)
were also successfully diagnosed, and the statistics of the diagnoses were generally comparable to the pDNCs recovered for species of Odonata (Fig. 2, Supplementary table 3 ) Conidae. The pDNC-based diagnoses compiled for five Conus species with 19 or more specimens from at least two geographic localities (Fig. 2, Supplementary table 4) were overall comparable with the diagnoses obtained for Odonata species, with the following differences: a) on average 14.6 independent pDNC were retrieved for a species of Conus, compared to over 20 in species of Odonata; b) no single-position pDNCs were retrieved for any of the diagnosed Conus species; c) the length distribution of the pDNC in Conus capitanellus and C. textile is clearly shifted towards longer combinations (Supplementary fig. 1 ). The lack of single-position diagnostic characters in Conus species is due to the notably larger number of species included in the data set (230 Conidae spp. VS 48-50 Odonata spp.). The number of informative sites for Odonata species varies from 165 to 194 in the ND1 alignment (i.e. 3.3 -3.88 times as the number of species) and from 214 to 268 in the CO1 alignment (4.28 -5.8 times the number of species). In the Conidae data set, the number of informative sites in the COI alignment (from 298 to 349) divided by to number of species (230) is thus notably smaller: 1.3 -1.52.
Compared to species, fewer independent pDNCs were sampled for each of the four Conus subgenera: from 2 in Turriconus and Cylinder to 4 in Pionoconus. The pDNC length distribution is clearly shifted towards longer combinations (Fig. 2, supplementary table 5 ) with most pDNCs comprising 4 or 5 nucleotide positions. Finally, MolD has successfully diagnosed the conid genera Profundiconus, Conasprella and Conus (Fig. 2, supplementary table 6 ). The results of the iterated haplotype resampling of the four Conus species are shown on the figure 3. With the increasing captured genetic diversity of each species, the number of sampled independent pDNCs reduces only by 15-20%, and the increase of the proportion of EDV-pDNCs is almost linear, its local deviations from the linear regression closely paralleling those in the increasing PVS. The arbitrary confidence threshold of 0.8 is reached no earlier than when ~50% of the haplotype diversity is sampled (C. ebraeus, C. sanguinolentus), and only when ~66% and 74% of the haplotype diversity is sampled for C. chaldaeus and C. miliaris respectively. figure 4 shows the changes of the genetic diversity (expressed through the PVS in the DNA alignment) depending on the sampled species fraction of Sclerurinae, Synallaxis, Conasprella and Conus. In the Sclerurinae the PVS continues to increase notably with each new species added to the data set until all 17 are sampled. In Conus, with only 25 species sampled (~13% of the total number of species in the data set), ~80% of the PVS in the COI alignment are recovered; however the subsequent increase of the PVS is consistent with linear, but not asymptotic, growth. In Synallaxis and Conasprella, the PVS seems to approach plateau, but only when 30 species (i.e. over 90% of the final species diversity in a data set) are sampled. The curves of increasing genetic diversity in the reduced data sets (with each species represented by single specimen) parallel those in the full data set. However, with the same number of species sampled, the PVS values in the reduced data sets were always lower.
The effect of taxonomic sampling on the robustness of the DNA based diagnosis
Robustness of the pDNC-based diagnosis of supraspecific taxa. The column A on the
As the number of sampled species increases, both the mean number of independent pDNCs (figure 4, column B) and the mean standard deviation diminish, consistently with our expectations. However, only in Conus and Synallaxis the mean values reach a plateau, and the standard deviations reduce to zero. As expected, larger numbers of independent pDNC are recovered in the reduced data sets for Sclerurinae, Synallaxis and Conasprella for any sampling fraction, compared to the full data sets. Finally in both Conasprella and Conus (and in both reduced and full data set) the total number of recovered pDNCs decreases quickly when increasing the number of species sampled (figure 4, column C), and seem to closely reach a plateau. On the contrary, in both Sclerurinae and Synallaxis, no clear pattern in relation to the sampled fraction can be noted, except for larger number of pDNCs being recovered with a reduced sampling. This inconsistency suggests that the total number of recovered pDNCs is altogether a poor proxy of the molecular identity of a taxon. reduced sampling regime resulted in even lower proportion of the EDV-pDNCs: even when all species are sampled the proportion of EDV-pDNCs ranges from 0.14 (Sclerurinae) to 0.7 (Conus).
Our results thus convincingly demonstrate that the multiple pDNCs proposed for the fraction of a data set generally do not hold when tested against the whole data set.
Diagnoses based on the sDNC for species-level taxa. The table 2 summarizes the sDNCs obtained for the 15 species of Odonata and 4 species of Conus based on the respective main data sets after validation on the artificially generated data sets. The sDNC-based diagnoses of 12 species of Odonata from the main data set (48 species) remained valid diagnostic combinations of these species in the scope of the much larger Odonata_4kCOI data set. In two of the remaining cases (Crocothemis erythraea and Pseudagrion massaicum), the sequences attribution to species appears to be inconsistent in the GenBank. The COI sequences of Crocothemis erythraea and Crocothemis servilia do not form reciprocally monophyletic groups due to the highly divergent sequence Jalala7 ( Supplementary Fig. 2A ), which was not included in the main Odonata data set.
Similarly, the COI sequences of the Pseudagrion massaicum appeared intermixed, and in some cases identical to the sequences of Pseudagrion tanganyicum ( Supplementary Fig. 2B ), the latter also not included in the main Odonata data set. In the third case, the specimen RMNH-INS-508317
(also not included in the main data set) showed a much higher divergence from other sequenced specimens of Trithemis stictica ( Supplementary Fig. 2C, sequences -fig 2) . The genus Synallaxis is the largest genus of the Furnariidae, nested within the crown group of the family, with a very short branch ( Fig 5B) . This topology of the tree suggests weak phylogenetic distinctiveness of Synallaxis, which explains the difficulties encountered in providing this genus a robust DNA-based diagnosis. In the treatment of Derryberry et al (2011) , the genera Schoeniophylax and Certhiaxis are considered separate from Synallaxis (shown by red arrows of fig 5B) ; however, their status relative to Synallaxis is disputable (Claramunt 2014 ). If Synallaxis is considered in the expanded boundaries (i.e. including four species of the current genera Schoeniophylax and Certhiaxis), a more robust DNA-based diagnosis can be recovered, with the reliability threshold of 0.8 reached at ~25% of the species sampled (orange line on the fig. 5A ).
The sDNCs retrieved for the supra-specific taxa showed certain degree of inter-run variation ( Supplementary table 9 ). Nevertheless, most positions remained conserved and shorter sDNCs comprised sub-sets of the nucleotide positions of the longer sDNCs output in other runs. Despite the variation of the length of the output sDNCs from run to run, because of the random effect associated with the sDNCs rating mechanism, their composition remained overall consistent, suggesting that they are closely comparable.
DISCUSSION
MolD and other tools for diagnostic DNA characters recovery
The algorithm MolD is admittedly rough-and-ready -it does not take into account such parameters of a data set as the transition-transversion ratios or likelihoods of synonymous substitutions at the nucleotide positions included in the DNCs etc. These considerations are not within the scope of the present study, as it considers DNA-characters as is -i.e. not as evolving characters, but as fixed attributes of a set of specimens. We demonstrate that such model-free approach efficiently retrieves diagnostic combinations of nucleotides (DNCs) for pre-defined groups of DNA sequences in data sets of varying complexity. This algorithm is therefore scalable and versatile. Even for the taxa, where the shortest recovered pDNS comprised four nucleotide positions (Synallaxis), this pDNC was repeatedly resampled in the independent runs of MolD. This suggests that the default 10-20,000 recursions allow for exhaustive sampling of the informative nucleotide positions across the DNA alignment leading to reproducible pDNCs output.
Subsequently, the tested algorithm to transform pDNCs into a sDNC allows compilation of a robust DNA-based diagnosis. All analyses described herein, including those on the extensive DNA data sets downloaded from GenBank, or those that involved taxonomic resampling, were carried out on one CPU of a moderately powerful laptop. Therefore, the program can easily run on virtually any decent computer with Python installed.
Most previous studies that report specific nucleotide substitutions have utilized one of the two softwares: function nucDiag in the SPIDER package for R (Brown et al. 2012 ). The former is only able to identify pure singlenucleotide diagnostic sites and can be efficient in the analysis of few species, but would generally fail when applied to data sets comprising hundreds of species, as pure single-nucleotide sites are less likely to exist as more and more sequences are included in the data set (Fedosov et al. 2019) .
CAOS ) identifies private as well as pure characters of a focus taxon, and also allows compilation of composite DNA characters. This functionality makes CAOS a powerful and versatile program to identify DNA barcodes that can be directly used in DNA based descriptions (Goldstein and DeSalle 2011; Jörger and Schrödl 2013; 2014) . However, CAOS implements a tree based approach, which, on one hand, has an obvious merit -the identified characters, (termed Characteristic Attributes or CAs) are meaningful in evolutionary context, but, on the other hand, also has a drawback -only clades in the input tree can be diagnosed. This requirement in practice may not be met (Goldstein & DeSalle 2011) : the new taxa may not be monophyletic when the tree is reconstructed based on a single molecular marker (the one used to establish the diagnosis). It has been shown that up to 25% of the species are not monophyletic in the analyses of monolocus data sets (Funk & Omland 2003) , and this proportion is expected to be even higher for more genetically heterogeneous higher rank taxa.
MolD retrieves pure and composite nucleotide characters (similar to CAOS), but implements an alternative approach and does not postulate that the predefined groups are monophyletic for the DNA fragment used for the diagnosis. Therefore, the monophyly of these groups must have been previously established and our goal is not to verify the validity of these groups (whatever the criteria used to delimit them), but to propose a DNA-based diagnosis for each of them. Same diagnosis should ideally be shared by all members of a diagnosed lineage. To achieve that we abstained from using private characters (i.e. nucleotide positions polymorphic among the sequences of a focus taxon). However, we make use of pure and nested characters. We find that avoiding the use of composite characters in the DNA-based diagnoses as suggested by Jörger and Schrödl (2013) is conceptually poorly justified, when dealing with already delineated taxa. When monophyly (i.e. shared ancestry) of a diagnosed taxon has been explicitly demonstrated, all characters shared by the taxon's members (and only such characters are considered herein) should be considered as descending from a common ancestor (for detailed justification see Davis & Nixon 1992) . Equally, we disagree with the statement that only or preferentially synapomorphic characters should make their way into diagnoses. The purpose of a diagnosis is to communicate identity of a taxon, and in line with it, a diagnosis focuses on character states, but not on their evolutionary history. To our knowledge, most, if not all, traditional diagnoses comprise informative morphological characters irrespective of their apomorphic or plesiomorphic nature, or being homologous or analogous. A diagnosis in general, and a fortiori a tree-independent diagnosis, could thus be compared to identification key -following the key enables allocation of a specimen to certain taxon, but the consecutive dichotomies of a key are not expected to match the events in the taxon's evolutionary history.
Taxonomic sampling and robustness of the DNA-based diagnoses
The major impediment to the proposition of molecular diagnoses on a regular basis is (the concern of) the lack of robustness of the diagnoses, because of their sampling-dependent nature.
Theoretically, in order to claim that a diagnostic character of some taxon is truly fixed, every single individual of a this taxon would need to be examined, which apparently will never be feasible (Wiens & Servedio 2000) . Tripp and Lendemer (2014) suggested that preferably 10 vouchers of any new taxa should be sequenced along with at least 15 closest relatives, which should enable 'sampling broad enough to encompass the phylogenetic, geographical and ecological diversity within each taxon' (Tripp & Lendemer 2014: 970) . The numbers provided by Tripp & Lendemer (2014) We demonstrate that the reliability of the DNA-based diagnoses can be estimated using simple informatics toolkit -mainly thanks to the formalized and universal language of the DNA.
The traditional morphological diagnoses, even theoretically, cannot be challenged in a similar manner, because they are mainly based on the difficult to formalize taxon-specific features and are also subject to researcher bias (Fujita et al. 2012) . In this prospect, DNA-based diagnoses compiled following a standardized protocol in a thoughtfully designed data set should be a more reliable descriptor of a taxons' identity, compared to the traditional morphological diagnoses. In any case, revision of a morphological diagnosis is a common practice, when novel data become available. Similarly, the DNA based diagnosis would in most cases remain a reflection of state of the art in understanding molecular identity of a taxon.
pDNCs versus sDNCs
The results of taxonomic resampling demonstrate convincingly that pDNCs can hardly be useful for diagnosing taxa, unless the taxonomic coverage is close to or exceeds 90 %, and each species is represented by multiple DNA sequences. Unless these very strict requirements are met, the diagnoses would not be sufficiently robust even in a context of known taxonomic diversity of a taxon. On the contrary, the required level of confidence is reached with notably lower sampling fraction with sDNCs. We have demonstrated that the developed step-wise diagnosis validation algorithm is capable to efficiently model the genetic diversity missing in the analysed data set, thus allowing for robust DNA-based diagnoses to be retrieved even with partial taxon sampling.
We also confirm the conclusions of Rach et al. (2008) and Bergmann et al. (2009; that single genetic marker is sufficient to confidently diagnose species, and in most cases, supra-specific taxa, and the taxon's identity can be conveyed by a relatively short sDNC. The criteria of robustness used in the present study for sDNCs (a score of 100 or 85 in three consecutive validation steps for species or supra-specific taxa respectively) were chosen arbitrarily. Such parameters may be too strict, and sufficient robustness may be achieved even with more relaxed criteria, and correspondingly, with shorter sDNCs.
While the algorithm that we used to compile sDNCs in the present study is novel, the nature of the sDNC is essentially the same as of a barcode in character-based DNA barcoding ( respectively. Beside this technical discrepancy, there are differences in the purpose of the diagnostic combinations of nucleotides: in the DNA barcoding studies they serve for identification of a query specimen, whereas in a framework of taxonomic study they aim at providing a better formal diagnosis for a taxon. Therefore, the methodology of the character-based DNA barcoding requires a tool to retrieve barcodes to be complemented by another tool which matches query sequences to a set of barcodes for taxonomic identification. No such tool is required when the purpose of the diagnostic combination of nucleotides is the taxonomic description. However, as the nature of DNA barcodes and sDNCs is the same, these two applications of the DNCs are perfectly compatible: diagnoses provided in the taxonomic description can be readily used for specimen identifications by means of character-based DNA barcoding. We consider this operational compatibility with adjacent fields of DNA-based systematics as a main strength of the developed algorithm, providing a better integrity of the DNA-based systematics and taxonomic studies.
What if no DNCs retrieved?
The failure to recover a robust diagnosis may be due to a technical issue (incorrect attribution of a sequence to a taxon, inclusion of a contaminated sequence to a dataset, or a misalignment), or have a biological reason. It is essential that the DNA alignment used as an input for MolD is checked carefully to ensure that the sequences are genuine, naming is consistent throughout the data set, and the alignment is accurate. It is possible that no diagnosis can be returned for the highly diversified and thus heterogeneous taxa and/or for those that have diverged too little from the closest relative. The former case can be exemplified in our data by the subfamily Furnariinae, for which MolD was not able to recover sDNC, and no pDNCs were identified in the extended data set. Conversely, the example of a pitfall at the species level is the species pair Pseudagrion acaciae -P. nyloticum in the Odonata data set: the COI sequences of these species have also been misidentified by BOLD classifier (Bergmann et al. 2013) . The failure in both these cases can be explained by the fact that the resolution limit of the respective genetic marker has been reached (see Hickerson et al. 2006) . Similar failures are more likely in the taxa, where standard DNA barcode markers are known to evolve slowly (e.g. COI in sponges and cnidarians - Erpenbeck et al., 2006) , or to produce gene trees highly incongruent with species trees (Funk &Omland 2003; Mutanen et al. 2016 ). In such cases, alternative genetic marker(s) should be analysed.
Alternatively, single DNA-based diagnosis can be provided for the weakly differentiated species pair, such as Pseudagrion acaciae -P. nyloticum. The extremely low degree of divergence between these species suggests that their delimitation and status should be revisited with the use of specific approaches (such as the multilocus species delimitation -Pante et al. 2015a) that proved efficient when incomplete lineage sorting is anticipated.
How a DNA-based diagnosis should be presented
In the current study we address the methodological impediments which hamper use of the DNA sequence data in the taxonomic descriptions. As the earlier recommendations on the incorporation of DNA-sequence data in taxonomic practice (e. g. Jörger & Schrödl 2013; Tripp & Lendemer 2014) did not address these aspects, we here elaborate on them specifically.
Characters in DNA based diagnosis.
In the present analysis we take for granted that a summary of specific nucleotides at the specific positions of DNA alignment is a most usable manner of DNA data presentation. We demonstrate that a redundant set of such informative positions shared by all members of a focus taxon (a sDNC) allows for more robust diagnoses, and should be preferred over a summary of independent diagnostic characters (a pDNC-based diagnosis). The genetic marker and primers used to generate DNA sequences should be stated explicitly in the subsection of Materials and Methods dedicated to the taxonomy (i.e. separately from the phylogenetic analysis). The reported nucleotide positions are relative to the forward primer used for PCR; therefore, to avoid inconsistency, standard primers (such as the Folmer's barcode primers for COI) should be preferred. In the case that alternative primer combinations are used, the obtained positions should be recalculated to match either the standard '0' position defined by a respective commonly used forward primer, or the specific index in the coordinates of complete mitochondrial genome. We show that the design of the data set, namely representation of both the focus taxon and non-focus taxa, is essential for retrieving a robust DNA-based diagnosis.
Therefore, we suggest that 1) a brief characterization of the analysed data set should be included in the sub-sections of the Materials and Methods dealing with taxonomy, 2) the number of sequenced individuals (for species), or number of sequenced individuals and the number of species represented (for supra-specific taxa) should be stated explicitly in the diagnosis.
Additionally, the nucleotide alignment used to generate DNA-based diagnoses should be provided in supplementary data.
Algorithm. We developed the algorithm MolD specifically to use DNA data in taxonomic descriptions of taxa. It has some advantages over CAOS, and only outputs DNA-based diagnosis if it meets pre-defined criteria of robustness. Nevertheless, the sets of characteristic attributes generated by the p-gnome module of CAOS , such as the barcodes presented by Rach et al. (2008) or Bergmann et al. (2013) can also be used, in case no private characters are included. Although, ready to use as is, MolD implementation in the stand-alone software is anticipated, aiming primarily for stable, user-friendly and platform-independent release. In future we also envision developing a web-based version of MolD, to be integrated in the toolkit of DNA barcode data bases, such as BOLD.
MolD within the workflow of a contemporary systematics study
The crucial operational assumption behind the proposed approach is that the taxa to be diagnosed have already been delineated in the integrative taxonomy framework. This notion aligns with the methodological review by Goldstein and DeSalle (2011) who advocated for the necessarily independent procedures of the taxon discovery and taxonomic establishment. Therefore, while inability to provide a concise DNA-based diagnosis to a taxon may point at technical error at the taxa delimitation performed upstream, it is not and should not be a criterion for reassessing taxa delimitation any further than correcting an error. Therefore, the use of the DNA characters in taxonomic descriptions will not erase taxonomic impediment, as the taxonomic expertise will still be required for integrative taxa delimitation. Nevertheless, the use of DNA in formal descriptions would relieve taxonomists and save time at the stage of preparing descriptions, while improving their quality.
What Goldstein and DeSalle (2011) have identified as a future challenge is 'to reconcile the precise mechanics of barcoding analysis with the empirical and philosophical rigor of systematics'.
In this context, the algorithm implemented in MolD is capable of enhancing transition from discovery of a new or redefinition of known lineages to their formal description. The research workflow when MolD is expected to be most efficient, is when a phylogenetic analysis supported by the morphological, ecological and geographic data has led to redefinition of the scope of taxa, and the subsequent taxonomic revision of the (re)defined taxa is to be accomplished. The methodology of the coupled discovery and subsequent taxonomic description of taxa is becoming increasingly widely used and encouraged (Tripp & Landemer 2014) , and we envision the developed algorithm for compilation of DNA-based diagnoses to become a useful tool in taxonomic studies.
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